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Abstract

Abstract

In last decades, strongly correlated electronic systems have been one of the most
important research directions in condensed matter physics. In the strongly correlated
electronic systems, the strong Coulomb interaction between electrons leads to rich exotic
physical properties. Strongly correlated electronic systems are usually compounds with
partially filled d— or f —electronic shells, such as colossal magnetoresistive manganese

oxides, heavy fermion compounds, high-temperature superconductors etc.

Due to the strong Coulomb interaction between electrons, the traditional band the-
ory based on single electron approximation fails to describe the properties of strongly
correlated systems. Many new theories and numerical methods, such as exact diagonal-
ization (ED), numerical renormalization group (NRG), quantum Monte Carlo (QMC)
and dynamical mean-filed theory (DMFT) etc, are invented. Using these methods, peo-
ple study the models of strongly correlated system numerically and obtain many impor-
tant results giving us a deeper understand of the inside physical picture. In this thesis, we
introduce some important models in strongly correlated system and numerical methods
such as determinant quantum Monte Carlo (DQMC) and dynamical mean-filed theory.
DQMC deals directly with lattice problems, while the DMFT maps the lattice model to
an effective impurity model and then solves it by a self-consistent iteration. In addition,
we also introduce the numerical renormalization group and the hybridization expansion

continuous time quantum Monte Carlo as the impurity solvers.

The two-stage hybridization process is proposed based on the analysis of anoma-
lous quasiparticle relaxation in the ultrafast optical pump-probe experiment of CeColns.
The first work in this thesis is the study of hybridization fluctuations in the half-filled
periodic Anderson model by determinant quantum Monte Carlo. Our results show that
the hybridization function have four distinct behaviors for different parameters. Thus we
obtain a tentative phase diagram based solely on hybridization fluctuation spectra and
find a crossover regime between the unhybridized Mott state and fully hybridized Kondo

insulating state. This confirms the proposed two-stage hybridization picture in recent
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experiments, which is the first time to explain the exotic properties in heavy fermion sys-
tem by numerically studying its hybridization fluctuations. Then we combine the two
energy scales, A; 4 and Ay;,, in the periodic Anderson model with the two energy scales,
™ and Q, in the Hubbard model. This indicates a generic two-stage process to build up
the lattice coherence of itinerant quasiparticles in the correlated lattice system. Before
the long-range coherence is eventually established, there exists a precursor stage where
the electrons become partially delocalized with damped quasiparticle excitations. In the
last work, we map the half-filled Hubbard model in the framework of dynamical mean-
field theory with hybridization expansion continuous time Monte Carlo as the impurity
solver to an effective classical model and derive an effective classical correspondence of
the Mott transition. This classical model has two-body interaction of exponential form
with a characteristic interaction range £. The Mott transition corresponds to a liquid-gas
transition in the classical model driven by the interaction range & which shows a log-
arithmically divergent behavior around the critical point. In the framework of DMFT,
there is a coexisting insulating and metallic regime and this regime may reveal a two-

stage process of the Mott transition.

Key Words: Strongly correlated electron system, Heavy fermion system, Quantum

Monte Carlo, Dynamical mean-field theory, Hybridization fluctuation, Mott transition
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Figure 1.2 The sketch map of the Hubbard model. ¢ indicates the hopping amplitude of the
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site spin electrons occupy the same cite.
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Figure 1.4 The sketch map of the single impurity Anderson model. The blue circles indicate the
non-interacting conduction electrons and ¢ is hopping amplitude of the electrons between
different sites. The red circle indicates the correlated impurity electron which hybridized
with conduction electron with the parameter V. E, is the on-site energy.
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Figure 1.5 The mean field phase diagram of the single impurity Anderson model. (a) U < zA,
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states is split into two peaks by energy U 2%,
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Figure 1.6 The sketch map of the periodic Anderson model. Similar as the single impurity An-

derson model, the blue circles indicate the non-interacting conduction electrons and the
red circles indicate the correlated impurity electrons. In the periodic Anderson model,
there is an impurity on each site.
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Figure 1.7 Schematic map of the band structure for a periodic Anderson model at 7 — 0 limit.
Ve

tively. A, is the hybridization gap between the lower and upper renormalized bands'**!,

¢r and €, are the renormalized hybridization and / electron chemical potential, respec-

12 EBBKFERES
1.2.1 EZFAKTEAM

EHKT RGP SRR T R 5. L BRI S — N E K
THHEA CeAL ™), 75 1975 4 Andres Jlie: 7 HAEARATIRL FAOLLHR, AFHLME
A REGEE T v = 1620 mi/mol K?, o4 B LR BRI R = 28
b JE R AR RORE L e R R R T RSB R I T RO E S, R
BATE SOR ARG . PR R TR RO (m*) HE i TR
SR, RIETIHAR NE KT

ERATREFENEARRECHEMRAN £ BT RS, FRMPIEH
AR d T ESRE A, 10 LiV,0,07 frE sk T R4,
JEAE FE T A S B R AT s R ST A (1) JE 5 i P T
KA, SR TERL, T B AR NA .
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Figure 1.8 Sketch diagram of the resistance behaviors of three kinds of typical metals'!,

BEIOR TR EZRER RUEIRAG, —BAE LD Z i P RIVEE R R, 5
¥ bE—Rdiii g R B M SN B R E SR SO L T, AR
NRUHAEEFENYEE G, mEHER RS JERORIBIAR. il R LA R
T 5o I T HERIEEIZ, BEIOR T AT SRR R
WA . B IR P T NS R M TR 5 .

122 ABERK

MNER A A s i &R 0, A6 A BRI AN [E] T S SR A A
BEENIT A MEL8HIR, SRR Rz SIRETC R ECE AT,
faj R4 R AR R I AT, AT A4, HAEREMRE FHE i mmt)s
KIS ETHRIATHN, Ry = a—bInT . 1964 5, HAYHL 75Uk (Kondo)
M s-d AZHOAERL H g B

Heg= Y el + <%) Y S et i (1.19)

ko Kk’ oo’
xR F) 5 HERETI I R R, SR SRR S (J > 0) ISR, 2
HR A HELREL A -
= 1+4Jpp1 kT 1.20
Rimp_RO + prn T B ( )
Hrp LS — A BRSO XS B0, @Rt T Mkl &4 PR BH A F AT o8, AT
X —EGR A A FR A “E RERN s
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(a) . (b)
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\¢n ‘lﬂlf*""lr"
K4

Bl 1.9 (a) SRR 2 ERK i 5 R AR . (b) SRR IR DA T T Bk Bk -
Figure 1.9 (a) The itinerant conduction electrons and the local moment above the Kondo tem-
perature. (b) Kondo screening below the Kondo temperature.

i SRR XA I TR 2 HEUA AU TN, XS s
HOIMZ A2 o AIT3E— 2B WFFEA5 28— E B AL & Ty

Ty ~p~le P/ (1.21)

R REIRE, HH p A BPOR IR LA F A TR Z . RGTE
NSEREIRAS . B RVALEERAL, T2 ARIT R . E 2 1975 4F Wilson
FRAUE B RALRE O 7 IR AL BB IR R Y, 53 [ f A B A g e ). 7E
AR ELAS . i T3 F T R e TR S ks S R, KR S T
2 Bt R I SO AN R PE T S . A 1.9

1.2.3 RKKY MHEEH

AN TR 4 N M 2 SR P R A R s _E SRR L 1)
Z ] i S L R AR 2 TR — Popi ) TR B2 R HBEAR B, RIDA H Rudermans
Kittel. Kasuya LK Yosida % \firH 1) RKKY AHEAE PO, A0 110 R o
RKKY A H AR S E R

Hpggy = D, Sy Sy (IR, = R,|) . (1.22)
n#m
/\l:'j’
9 J? cos2k-R sin2kpR
J(R) = 7’” <E_> { F - - F : } (1.23)
F (2kpR)”  (2kpR)

FTEAA DL, BN — 32 218 R BRI IR G BTN -
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1.10 RKKY M EAEHREE . B R i A 2 1) B i 38 i v A% 33 1 — b 1R 42 A LA
Fy3l,

Figure 1.10 The schematic diagram of the RKKY interaction. It is an indirect interaction due

to the the polarized itinerant electrons around a magnetic impurity'>,

1977 4, Doniach FI| F~F-#11715 (UAF5¢ Kondo @Al , [F] I 25 mE i H
FIRKKY HHEAVEM, 1537 % 4409 Doniach #7151, & 1.11f/Kk . Doniach
e ARG, AR RKKY HEMERA SR, fAEARET
JTEIR Y 5 — A HERR . B RKKY REFR

Trixy ~ J7°p, (1.24)

P ILRIPUE T ARSI fESMEHILT . Jp BUh, RKKY HEMEREE

Ty ~ D exp[-14Jp)] .

~
v

Tk < Trrxy

/& 1.11 Doniach #H & . 723 RRAE G BN, SRR & EFHINL, Ty > Trgxy» IRIR FRLGER
BUATORMARIT A . FEERRIIA SN, RKKY HEAMH G FHIAL, T < Trgky s
R T RERIMHA)FT . BIAKIBZ W2 M8 R A — S &1 >

Figure 1.11 The Doniach phase diagram. When the Kondo effect dominates, Ty > Tyx«y, the
system behaves as fermi liquid. When the RKKY interaction dominates, 7, < Tyxxy, the
system performs magnetic ordering state. Between them there is usually a continuous
quantum phase transition**!,
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SEM . RGEESFIN SRS TAEBMAEIRIL T, o BOR, REHY
TF, REESNIOKIBA . M4 Ty = Trygy W, ATREAF A A SCRRE £ 9%
KA T Fdo Doniach FHEZG H T B K 7 RER)— P T
FOfa] FRL I 15 o

1.3 CeColns HHIFERM B 2L B 1

FEPORTRET, RN f B TAEENHETRE T 2 LAZHH A
i E T — BOAY T Al Jdek f W7~ S L Z I Y BRI T B
Jif, AP TR Y E R . ST BT CeColns [ ARPES ALl
ZERE, EEE T T 2 T DAGE T 4, WELIFTR, (R
T = 120K (i THAMTHRE T =~ 50K) B, SeKmbfi S 2 nl LU 24 0]
I RET 25 -

Low mms s High

\ \ 4f,
3
30K 17K

14 07 0.0 14 07 0.0

E-E (eV)
- )
o

:;{ﬁ ;‘i-jl

02 1 \ \
047 / 60 K| | Z / 40K
' ' o 14 14 07 00

50 K
14 0.7 0.0 -0.7 0.0 -1.

[l 1.12 ARPES 5255l 5 #35) f) CeColny ) i 25 BEE IR E AL fEME T = 120K
CERETHAHTEE, T ~50K), FokmEkacsn AESIHHBHaR.

Figure 1.12 Temperature evolution of the electronic structure of CeColn; obtained from
ARPES experiment!*!!, There is a dispersive feature near E,. clearly discernible around
T = 120K which is quite above its coherence temperature 7" ~ 50K.

FEJ5 ) CeColny i HUMOL AT -HRMSLIE T, M3 I AT R 00 B
VML B T T B A A 92) s A sty p U b A ) s e [ 53 W 5
FCEFE ARG/R W EIGHGERIVR, ARW/R o« ™' o MIELI3FR, FEIAT5E]
HIREIR v BEIRJE RO BT AT LAE S, v 48 T M1 TT AW B
TR P S JBE — % 7 T A T T* = 50K, 53—/~ Chen [ TAES Az
B\t 8 TP~ 120K, M T < T I, EHTHATIR, RES
W ERBAERATIT, S8BT IR R R TG . TIAERE ST 120K, y
HAR BN DR ERE 2R, y BB EME R AR TR £ 0 T e
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BB B S AL RIR A2 kT o PR B2 Bl T 360 T 2%
kIR ETIR 10 T bRl Hadt— 2 AT e i) #e R AR AP AU AR T A4S

Flm
=
> —=0=0.75 pdiem?
—0—0.6 pJicm’
—=A—0.45 pdiem?
—7=03 pdicm’
—0—0.15 pJdiem®
M N N A | M M
20 50 100 200
T (K)
Bl 113 BIA BRI MR v BEERERER Y. TBSE T M T a4
RH o
Figure 1.13 The fitting decay rate y as a function of temperature'*?). There are two anomalies
atT*and 7.

1.4 BXEH

AR F WS EENR T BT T REITT SR AR S, — L H
FOBLABIRU R ok T4 B RO BEG, LK BT Bt B 3 o

BB A RS T RGBT T, AR AT SR
BrH: (DQMC) « B2 V37 (DMFT) LUK SR B 2% TR 1 K
BALHE (NRG) R JRIFESE A b 75045 12 itk (CT-HYB).

=S 44 F DQMC Jy IABFSE I Anderson BERLHR 1) 214 k% 47
s IS ZR SR BRR T4 AR FO AR ST S R K B B
ZALE

455170 5 1o 5 9. Anderson A% {] Hubbard B8 iR RERRT R, 22
BT RGP Y B R M A7 L1

BT AL B 15 Ty i S LR S G5 64 Y Hubbard A8
1) Mott FASIZ B . AE3h H2 T I HE A F A — 1 B IEFI0 X
B, BXATRESR T Mott FEASH KBTI Bt R

FANTAARRSAEGEFRE, LARO RS TR
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£28 BRXERFPHBETERZ

FEIE U FAEXR R R E R SO A TIRZ TR T, W™ s x fAik
(ED)B, bt (NRG)PM. i w4 (bt (DMRG)PI, Hi 7252
% (QMO)MO. Zh)paPiyly (DMFT)W st frkesh, AT FEA
ZAFIRETEERS (DQMOMSPL, g2 piigJr % (DMFT) DL 78
ARIUR R N BUEEEALRE . BN AR R P (CT-QMC) HRyZRfb et Ak
(CT-HYB)P*-321,

21 FHREFERFDHE
2.1.1 REFRETEEMM
% AR )
I=/ dxf (x), 2.1)
BRI T STk R XA [a, ] 959 R0 N B, B — 13
SRR x; = a+ X2 R XA I AR R A

1
IENZﬂw, 2.2)

4 N — oo MR, XAMEHEOITETH.
BAEZ 853 Ih—F T TR RX A, 3 2.1 Fefe o :
X
x)

b
I=/ dx&p(x)
a M

, (2.3)
= / dx 7 (x)p(x).

WS, peo) I peo) > 0, [ p(x)dx = 1, BIFERLSH X ] ARV, R4 p(x) 7f
DA — MR BREE, T 1 W2 £ () 75 p(x) 43 F BOHIERME . A5 AFA AT L
I pOo) FIREAS (X,), 0= 1o, M, BRI/ M, SRESRAT TR AT LU R
AP AT TR, a2 I RS T LS
1 ,
L= 3 f'X)), 24)

{X;}
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HiH Ry
var(f")
L,
Horvar(f) R e, WL, BRBEGRA SRR, RN, R
LA

R THI5T R0 KM HET I, 5205 RSNk RA SR B4R
PR AT, MR T 2R MBS RS2 8 ik
T RO, LB B -

TERATTEDRTY RO, AR B — B O [

A=

(2.5)

() =5 | ax0wpe). 2.6
C

Hip C FoRBENM =R, Z AR BREL Z = [odxp(x), p(x) AHHZERHSHEA
ST I AL

e Markov %

N TR R T RAE (O), HIRHER AU AR AR 25 A i BGH 2 p(x)/Z
IATHIREAS T AL I Markov SRRV AR SE M. BN MER IR IA AL
B x Hik, RMEBHE W, MNP x BB RIMIE y, FFAMELIGER, H
=W I

ny wyz
X—>y—> Z— -, 2.7

FeRG MR T L ZOR X, Wy = 1, FORMAIY x R 2| 2 A B 1 %
FUBER Z AN 1o fEFYiE Markov ERUIE AR, BB AR FEASI 245 E
A p(x), BT B AR 3 I RN AR A S -

Lo Pt MEERAIE x ik, ATLAZI A R Markov 56445 1 FE 5 (L 21
= HHEEAIE vo

2. MECPEISAE: AEIBEPPERIESE, N x BFEA 2] y Z [AIRIBEE Sy

£ x Z [AIHER AL -
Wo _p0)
W, p(x)

(2.8)

e Metropolis-Hastings 5}
Metropolis-Hastings 423 > J—frigy i (1 4H1 LI J2 25 58 40 A RE AR [ i R
J7i% . Metropolis-Hastings 5351, MAE x ZIRLIE y FAHER N -

W,, = WiPWase, (2.9)
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A N MGLTE x BRI y B2 (ATRE R AR RIRESR) WP, 45 — 384
TR WS,
INSX A B . IR ARSI v, RE ALY xo 7 NS4

n (2.8) 15 » orop
Wiy p() Wy

= =R,,, 2.10
Wi powiy? 10

H Ry = URyyo THE, ATLUSEIABIY x SI6IE v HHZ %N
Wi =min{l,R,,} = f(R). (2.11)

FESCPRRIREFPrh . FRATAE [0, 1] XA 2L — N REPLE ry 47 r < f(R) 32X 1AL
e, FEMN y RG2S, AR r > f(R), WHEZRERIE, JFORFFE x, EHT
SRR AL IR AL e o

SR PR B BEERAS YD, RS AT R EC 7 pR AL, S8R
XFBC > BRROHEAT I R A THEREAL TR, R AR O X AR S [ AR O 30 285 P I
Metropolis-Hastings i H e ¢ il A5 W B R e TR

2.1.2 Trotter 43 f&F0 Hubbard-Stratonovich &

RPN TR R R P Tk
o 5 R P 55 (DQMC) @i B 3K 1 A A i 1 — Fh B By
%, BT ORIATTLARAY Hubbard 508

H=-1Y (c;cj0+h.c.)+UZ<niT—%> (n,.l—%), (2.12)

(ij)o
MRS 45 DQMC J5i% -
% L&A P ALY IR

H=H, + H,, (2.13)

HE4E Glauber A1,
1
MA+B) _ (34 AB 7 IAB] (2.14)

W RERS = UT jlim fiy, mAz = f, XFH—PRENEB Ar, ATLTGE],

e~ AT(H+Hy) _ =ATH) =AtH, 4 O(A72), (2.15)
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ST P [ I m ROT AT

e PUHITHY) — iy [e‘ATHle_ATH2]m. (2.16)
A7r—0

X FEfUHF Hubbard BRI, Hy = —t Y (cfc;p +hc), ATCHIELIEMMZRERS
(if)o

5y, LU TRAR, T Hy = U Y (ny — 12)(nyy — 1/2) S&TUSEAFI, Joik e

TR, FEEd Hubbard-Stratonc;Vich (H-S) Apfls Htd Ak hy 25T o

SRR EAER (U > 0) 1,

=0 (-5 (-3)

U U (2.17)
= 2
= —E(}’IT - I’ll) + Z’
RS Al S BB
AU =bn =Y _ ~1acU Lacuy-n,)?
€ P22 = 4 ez 7
:e_iATUL/dSe—%sz+s\/AU(nT_nl)’ (218)
2

Hrr, s N5 INREIB . ERONESESRIEN, BRI IE SCRE S IR B
4 Ising &, A
e—ATHU =y Z eas(nT_nl), (219)

S==4

SRR ST . AR PRI AT RERIRAS 100 ] 10 | Dl 1o 1AM IFT
25 A IR B T VR TR T SRR A 1 S 4 B
VR FFIPI A 25 7R E

e27710) = 2710),

AzY
e” #]0) =2ycosh| 1),

U (2.20)
Ar=
e” 410) =2y cosh| |),
ALY
e 40y =2y| 1, 1)
iR
y = le_AT%,
2 2.21)

AzY
cosh(a) =e™ 2.
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MO TSI FHEAEHS, U <0, afLIFE],

U 2 U
KL
eATHY — Z estmtn =1 (2.23)
s==x
FEREAERH T IUAES,
U
e"A7710) = 2710),
Arg
¢A7710) = 2y cosh | 1), 02
AzY .
e~ 4]0y =2y cosh| |),
AU
e STT0) = 2¥| 1, 1),
153,
y = 2T,
2 . (2.25)
cosh(a) = e 472,
25 bnlts,
1 —tazu as(ny—n,;)
4 2 e T U>0
s=+ (2.26)

=AU Ty =Dy =1 _ {Ee
%eﬁmu y . St =D 7 <
Hrft cosh(a) = 21UV s I 5 A4 BY Ising H0 N _EsURATLAG i 7EU > 0
(HEF#) RIEOLN, HWiBig S EREE HEMG: U <0 (K513, HihsS5H
fir 5 RS
X BB AERE — AR B B A e, AR — TR B B R BN
[ Tsing 37y, IXFERE AT LLCREAH ELVE IR 40 o — 251 Tsing I AORAN, Anl&l2. 10

7No
2.1.3 1THIHXE
22 e A R R Y BT U RS B 4 BR A

Z ="Tr [e_ﬁ(H_ﬂNelec)]

= Z Z <wNelec|e_ﬁ(H_”NEIeC)|WNelec>'
N,

elec ¥Neglec

(2.27)
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2ok H-S A5Hf, JiI C = (51,50, ..., 5, ) FRTINHBIH OB A, B REK T
R, He p=Atm,

z=2 Y wlyl, (2.28)
c v

Horftw, [w] = (wle™ ™ y) SR TAEMIBER FIRE, XE e 7 s
JRVFZ OISR A Ab TR, SR IR AEEE— TR R R H-S AR ASRACFRAH BRI IT, A
A5 — MR T EAE R e B i . ly) B IREGER T RVRR, 57
HEER T, AER P ER LS ET BN EBIER,

|n1T,n2T,---,nNT>|nu,n2l,---,an), (2.29)

Hrpnge =01, 2 Nig = Ny, Ny ZREBEN o T, X TR HiE)s
EEEP

MigsNags s ANg) = c;rNa cizcjl |0), (2.30)
A%,
lwn, ) = In15: Mg+ AN G (231
g,
W Ngee! = 111ps ags s iy iy mags - ny ) = [wivp)lwny) (2.32)

HH Nejoe = Xp Noo T2, B BE] LLCE AN HIE S,

z=Y Y JI3w [‘/’N,,] . (2.33)

C Ni+N|=Neee 0 W¥nN,
i SRR R AR A R B RRCE T AL SR — 4 B Ising 3000
IERIXA AL T T A EAEH

2.1 H-S R E o [ —AMH8 s LB B [RUAH ELARE RIS %A — &R 51 Ising 7 1R AT
Figure 2.1 An illustration of H-S transformation. The interaction between the electrons on the
same site is represented by a series of auxiliary Ising field.
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Mg EARTLVER], 253 H-S 2, BT 7B, Br LA EABE ™A%
BUMEHLT H L, TS 2107 L,

Z= ; H w?., (2.34)

XA wg X —ME C RIRCE, ER AT VR 21 Oy — 781208
o

ZEIG i H, [ Trotter )R] 15,

eATH _ o—Ar(H\+Hy++H,) _ o~ATH|—AtH)  —~AtH, . o ((AT)Z) . (2.35)
F A= i, AHRLRRCT HEOY:

- i _ il _ ¥
7 = ;H Z Z(WNale Arc'Myc |, o—Atc" Mye—Arc Mlcle,,)' (2.36)
c

NO‘ ll/N¢7

Hrp M, 2075 MR BOA R AR AR R e 35 WU B 2ERE, T4 H-S A4k
J&, Boar BREUREORRE T NERTIT, BT LA BT LB R X T BRI ALY
MZEEHE 7ROk, ATLMGE]:

— i _ T _ T
Z Z<WNU|G Arc'Myc ||, o—Atc" Myc—Atc MIC|WN6>
Ny N

= det (1) + det (BY,) +det (B3,) + -+ + det (B )

+det[3‘ﬂ B;’Z]Met[Ba Bf3]+,,,+det[Bg,N_1 B;'V,NJ

B3, B3, B3, B3 By n-1 Buw
Bfl Blaz B?N
BG BG e BG
Foopder) L= (2.37)
By B ByN
1+ B(171 B(172 B(ITN
— det B§1 I+ Bgz BgN
BY,| B, - 1+Byy

= det [I + B® (,0)],
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Hot N s N. BY = BY(B.0) FR U TAEAR T, HE N

B;; (12,11) = < c; lTexp (— /TZH(T)dT>l c;.r

TR RR:
ci(ry) = ) B,j(13,7)e;(7)),

c,.T(Tz) = Z c;(rl)Bj_il(rZ, 7).
EINAISE 2 A S e i e

) J +
<0 Ciy Ciy "™ Ciy_ [T exp <—/T H (7) dr)l C;NU - c}zc;(l O>
1

i1 <12’Tl) B j, (TZ’TI) Bile(, (72’71)

inJi (TZ’TI) Bi2j2 (72’71) BiszU (TZ’TI)

>. (2.38)

(2.39)

B
B (2.40)

= det

BiNO-jl (Tz, Tl) BiNo-jZ (Tz, Tl) eee Bl'Nngo_ (1-2, Tl)

T, RGERIBC AT AR -

zZ=Y [[we =) []det[1+B°@®.0). (2.41)
C

c C o

¥

B° (,0) = B° (B, f — At) --- B® 2At, A7) B° (At,0), (2.42)
N ZR BN R e R
2.1.4 BN FIZMEREL

HIFX TR A28 0E/ Ising A C, 40 H-S i), MRPE A
HOR AT RIS R, BT LAAT AR Wick @ BG4 T Y HAD
Py, X LE PR T DL SRR RO R IR R BN o 8 SCHUORE AR R R AL -

GF (1, 7) = (€15 (7)€} (1) = 6 = {cfy (D) i (D). (2.43)

% JEAEI— 1 HET 1) _EHY A e

T exp <_ /0 "1 (To)df())
= Texp (- /Tﬁ H (1) df()) exp (hefyeip ) T exp <_ /O H (z,) dr0> :

(2.44)
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1FRPHTHIACE

wi. = det [I + B° (8,7)e"°B° (¢,0)] [I + B (8,7) B (z,0)] ,

(2.45)

Hebr Q JHFEMERF TR Q) = 1, HAR#ON 0o nILLEEX A G RAG 2 E

RN AR ZER P HMH,

(el e )= S|

oh
A
Indet A = Trn A,
TrABC = TrBCA = TrCAB,
AR,
B+ 4B A= (1+4"'B")"
= (BAY(BA)™ (1+A47'B™)™
=(1+ BA)(1+ BA)™' — (1 + BA)™!
=I1-(1+BA)"!,
(GEl
O inwel| =TrLin[I+ B (5,7)e"B (z,0) |0
oh h=0 oh
= Tr [B” (B.7) QB° (z,0)(I + B® (B, 7) B (z, 0))‘1]
= Tr [B" (r,0)(I + B° (§,7) B (z,0))"" B° (5. 7) Q]
= [B7 @0 U+ B 0.0 B 0y B (.0 0]
=5, - [(1 + B° (1,0) B (B, 1))‘1] .
TR

G°(r,1)=1— [ +B° (r,0)B° (B,7)] .

JEHSAAR R BN GF, (1, 7) = 1 = (n; (7).

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)
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2.1.5 RRREMEH

T B A HR R R B R 1 B L, X T R AT R R R AR
Hubbard #RIfG52R52H . X Hubbard 4575 :

H=H1+H2+H3

1 1 (2.52)
-3 0 Z (0= 3) (=) - Z
ijo i i

JTEEW, XEEEHEFHMREL, U > 00 X—A/NIIS R BOf

e~ATH  o—Ar(Hy+H;3)~ATH, , (2.53)

HT Hy, Hy G R0, fr DAE G IREGER T o LU — Mg e, [,

1 1
e_AT(H2+H3) — eAT” 2ini—ArU zi<”iT_§>(”u—§)
_ATU<niT_l) <n"l_l> Azpn; Atun;
:He 2 2 He ’THe "
i i ;
_ 2.54
=TI|5e s X eoston ]HH 29
i

s;==1

=II|ze " X I ”'“]HH@“"”'“
i

si=x1 o©

Hrprcosha = exp (AzU/2)o X T4 472 R R BORZ5 7€ 1Y 4 B Ising 907 0F
EXARIEREE R AR, HLLNIEAFR,
eaasl(r) 0

ocas, (1)

A° (7) = , (2.55)

0 eaasN(r)
RS T — 2B AL

N REBREIT Hy L TR exp (AT — R E R ERIE R T
XA, AFBIAEHE 4 IEN A L IEZHIEE V., A

eo’a/ll (1) 0

eda/lz(r)

exp(AtT) =V yT. (2.56)

0 eaa/l N(T)

24



RN PSS LN R RS
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exp (AtT) = exp <AT Z T(ij)>
Y (2.57)
= H exp (ATT(U)> ,
Horh T 2R RE I B B, R R T =T =T, %,
0O ««« 0 -« 0 - 0
0 0 - Ty 0
7@ = | . Co |, (2.58)
0 T; 0 0
0 0 0 0
NIt BRI A
1 0 0 0
0 - cosh(ArT;;) - sinh(A7T};) - 0
exp(ArT)=H : : : . (2.59)
ij
0 - sinh(A7T};) - cosh(A7T;;) - 0
0 - 0 0 |

£ N A& RRIRI, X (2.42) skt B W LAG 1
B° (T', T) = B° (T', v/ — Ar) -+ B° (t + 2A7, 7+ A7) B° (7 + A1, 1), (2.60)
ity N ORLAER1HE XL (2.40), A LIS

B® (1,7 — A1) = A" A° (1) exp (A7T). (2.61)

FESR TR i H] Metropolis fiii 53k, MEE EARTEUZIL, BRUCRFRSCR
PP SRS E RS NNE] A%(o) JERE, BR T ERMEH (241 RIFEAEAES,
AT SRR Y ST 5
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BOSAE = IS 2RISR 1 BRI, s 200 8", HRRY A () FEFEAR K

A'°(7):

e0as] (1) 0

A/O’(T) — eo'asl.' (7)

0 eo-asN(r)
= [I+4&(i,7)] A (7),

S A7 G, 7) (U AR T
A%, (i,7) = exp [oa (5] (1) — 5, (1))] = 1.

JIr AT IH A A B 2 HE A «

R we, _ det [+ B° (B.7)[I + & (i,7)] B’ (z,0)]

=t det [ + B° (B, 7) B° (z,0)]

FIFHLLR KA,

det A/det B=det B-'A = det AB™,

det (I + AB) =det (I + BA),

(Gxl

_ det [I + B ($.0)+ B’ (f.7) &’ (i,7) B (,0)]

RG
det [ + B° (5, 0)]

= det [I + (I + B°(,0)"! B (B,7) &’ (i, 7) B° (z,0)

= det

| —

=det [I + & (i,7) (I = G° (1, 7))] ,

Hrp
G (v,7) = [I + B (,0) B° (8,7)] .

SRR RIS MR R R, S A AERE A7 BYTE DT (2.63) HI A

R=RR' =[] [1+4% G0 (1-Gz.0)].

c
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LA min{1, R} FBEREEZHNIY, IREEZ T s (0) BB, IS 2MReR 2y
LR A W R
G°(r,0)= (I +B"°)"
[T+ +2 () B
= [(1 +B%) + &’ (r) B° (I + B°)"" (I + B")] o 2.70)
= (I + B [I + A% (r) B° (I + B")_l] o
=G [T+ @I -6,
Hrr B = B% (7,0) B (B, 7)o LASE I REARERZL,

G° (r’,r) = B° (T’,T) G° (r,7) B° (T',T)_l ) 2.71)

SRS, AR G° (r, o) MOMSE I 7 ik, [ A° Hg—A
WML A N B AR A (2.69), TTLATEE

I+AI-O][I-R'AU -G

:I+§:iAU—GymLAU—GﬂMI—G)
R R 2.72)
= Rl a-¢y-La (1-6)a. a-c ¢
—I+T I - )_E i (I =Gyi) Ay (I =G)
=1.
TREA,
[1+ana—G%T‘=1—£yv@x1—G%, (2.73)
WA R I3 | G -
GGAG“—%G"A“(T)(I—G“), (2.74)
HFEMTIE A
(&qﬁ-%%@muamk (2.75)

2.1.6 SO
MIANTHFERERCRVERUE T E RIS, AT EE R IAE wx) H
— M EMSEHE, 1 DQMC HAUE A— 74, FTEERUE R A — P R AEEL,
1 wx) HIAEEN . WA NS, S RREmTERE. TR
AR 1] [ ) SR YR — B AT 09 (el e AESEFRig it &, FATHE &
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SIEAF SR AR DU L GO R0, EE e TS Hubbard A50R 462
AT AR R 2 DR - 25 O R B DL N B0 A5 fml il T 6 i 5 1T 15
DU, AR R TR, LARCE AT 5 s A I MH

[odxsgn (0P| 2
Jedxlp(0)| Zy

(sgn) = (2.76)

SR W2 TR A T R

22 EHFEFHG

5 DQMC Jj ik HEAL L SR ] 37 PR 3ie (DMFT) 4
SRR ISR 28] — > S B AR Do, i i AN T s A B Y R AR S A SR . i
LEAFSK DMFT fE58 KR BAUETHRGUEUS T IRZ R, & — IR EENITE
Jithe
221 EHHERIBIAM

1989 4F, Metzner 55 Vollhardt #2 i , fERF 7SS4t dbis RS0, fE Mg
LT d —> co (BHBAIEL z > o0) B, HREAIZIATKIE AT LARIEEZIG .
E2.20 7R, AR B R SR 3 h ks . R 2k 0) = Z(w),
X ST B P B

Kl 2.2d — oo I ARE/RARIE o R 455 TR0 Z5 (R BKVE T DA 28, LR 88 R g iy M EL AR T 10
Figure 2.2 An illustration of self-energy in d — oo. Since the spatial fluctuation can be ignored
in high dimension, only the local term persists!,
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222 FINFFEHHEAKRGTE

1992 4, Georges F{1 Kotliar 4§t 7E 055 4% , Hubbard 15781 AT LU ik G %
— AR R DT 2.3 R . 2Bk R B HE T LS TE A B A L

My My ™y Ty Ty
SN LS NS NS O\
MM O D D
L LW I B N I .
fa W A W an W n W an)
VAN VAN VAN VAN - .
AN As AW Wb
el LS N LS NS N LS
M M MDD
LWL AL N\

2.3 SRS AR I IR BT BB R R R o SX AN B WL R I (Weiss ) #4o
Figure 2.3 An illustration of mapping the lattice model to single impurity model. The single
impurity couples to the bath (Weiss field).

Weiss &2 [A] A A BRATE, IX BT SE PR BB R — AR R . Tog5 4k
FURHsE, £ DMFT fACFE R Z20% 1 2SR, (@b R 1 RS (IfTR)) SRHK,
RIOREE sl 02 fE R, Fr LAl a3

o FAZRFURIY R RS AR R AL

XFTHZ% 0T Anderson 1R, AR EE AT UG 1

B B B
Simp = —/ dr/ dr’ ZCZG(T)QEI(T—TI)COO.(TI)+U/ dtny(t)n, (1), (2.77)
0 0 - 0

Hrfr, Gy MM JEHITEA AR 9T . R Weiss AL clo(c,p) FERARTUMS
IR HK) BAF, n, 2R RAORFRURAT o X T RTINS, A%
SR B RE Zimp(io,)~ ARAIHEIR L G (i) LUK, Weiss BRI LA IS Dyson
JTRERR AR .

2 B R it Anderson ARG S5 i,

H=Y tycl e+ Z(chda +Vidle,) + e Zd d, +Unin!. — (278)

ijo
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FE SCHLFRE AR R AR
o (r =) = ~(T,d, (1) d} ('),

G (r—1")=—(T.c, (1) dg (z')).

(=),

G (t—1")=—(T,c, (1) CZ- (T’)).

QPP IR AR R AR LA [ RS54

Gl (t—1") = —~(T.d, ()¢}

Gt =)= ~(T.fi @ f) ('),

(2.79)

(2.80)

Hrp £, fo WO ZRBUS R ERISOKR T RAF . £ N RBAZA A s i iR 20X

LEAS AR R B AT e 28 L 0-BREL,
1, z>17,

0(r—17')=
0, z<7.

Gt —7') = =0 — ) f1 (@) f) (7))
+0(' =[] (7)) f; @)

PR DX T « (RS % B3] 20 — ') = 8(r = 7). {3

0

ot

Gl =) == 06 = )2 f, @) 3 (7))

0" = D) f1 (7)) = 812 = ),

e
— LG =) (T f () 1) = 6128 = 7)),
T or
4% Heisenberg J7 24,

aif(r) —[H, f(D)].
T

0
Cio(7) = Y tij¢jo(1) + Vid, (1),

ijo

% fo(T) = €4d, (1) + Z Vicio(7) + Un(z)nl(2).
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FONEITRE (2.86) Fhf2,

0
(=52 + =) Gautr =) = 1G5 =)

+U(Tn(0)d ()d () = 8(x —7'),  (2.89)

0
_EGS‘U(T —7) - 2 tingd,j(T -7') - V,'ng(f -7)=0.
j.c

FAXHRET M H - H—uN, N ki EEEss. BRI EC IR LA
E)E

U(Trngdg(r)d;(r’)) = / drX°(r — 7)GY (1) — '), (2.90)
HATED (r—rp) My d BT GRITHET) (1 . 2 dERH RN 250, 5% (2.89)
Ry

(i, = €q + 1) GG iw,) = Y ViGY, (iw,) = 25 (i0,)G],(iw,) = 1,
’ (2.91)
(i, + G2, (i) = Y 1,,G7, (iw,) = V,Gq,(iw,) = 0.
Jj.o

Hr o, B TAEHE, o, = Qn+ Dr/f. sRIR R, FE(ES2E R )
S INECE T
G (iw,) = |iw, — €4+ p — Alio,) - mep(iwn)] o (2.92)

Hon, Alio,) = Ty 1 g, TNRRAVS S0 TR IR, T
LA BT AR T St R AR B, BT

Golim,) = (iw, — e; — Aiw,)) ™. (2.93)

TRAEEAT Anderson B R, Weiss S S 2 HL Tk R A A B2 E fiEZ
A AR R OE R
Zimpli,) = G (iw,) = G (iw,). (2.94)
o RIS RS IR B
% 8 B AT EL1YY) Hubbard 71

T
H==) tycie,,+U Y nyny. (2.95)
i

ijo
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FUUTABFRIRBRE DL, R iRk, MG,

1
iw, +pu—e —Z) (K iw,)

Hr e NTCHEAEH R AR RSB OHEC R ATHRNELIEE, ££d > oo (IR
fie,  HREAYZS [A)Kkys i LAZNG . dumlti2ind

G°(k,im,) =

(2.96)

S (K, iw,) =y, (io,). (2.97)

FITEL, R BN (2.96) i, X KORAT, RIVATLAS 21 s AR Ge Y SR R eR £

oo 1
GY (iw,) = 21:‘ P— (2.98)
A ASE R A
o _ po(e)
Gl (100) = / deia)n +pu—e—3,(iw,) (2.99)

o HVGTTEAH

A THHEZ], DMET 200 s i AR i — S8R0 A PR, SRS B VE IR
fift B2 ST P o T SRR (Y B SR 2 TR, IR 4 (B SRAE W R HRoR T — 464
PRI R RN, T2A,

Simpli@y) = Ziy(i0,). (2.100)

oy

ST R O — A B L (E BRI 2 Weiss 1 Gy i), H5 28 L BRZ Aliw,)
I (2.93) BRAGER, R0 BB S AU B2 R A (BT eepr (K) TV (K) 2R
S AESCRRIN B I TR R AR S e (o) TV (K), BB
FRARET Aio,,)

B AT, ATLMS 2] DMFT (1 B Y6 7 R4 :

( B i B
Simp = — Z / dr/ dt’ Z CIG(T)Q(;I(T — 1"y, (th) + U/ dzn, (t)n, (1),
c J0 0 c 0

Gy(r =) = = (Tecop(D)eso(e))

N

< imp
Niw,) = Gy (iw,) — G (iw,),
1
Gy (io,) = :
| ta (1) ; iw, + u— ¢ —Liw,)

(2.101)
S ¢,,0(caq) FARFEATRE SULINBR TR (28) FI4F, Glio,) R
FEAREEEL, Golim,) 7 Weiss o
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2.2.3 DMFT NER&RIE

Goliw,,) —>‘ Impurity solver | — G, (i®,)

| |

G, (iw,) = Gyl (iw,) + Z(iw,) iw,) = Gy (i,) — G (iw,)

N\ ./

G(i =
(i) ; iw, + u — e — L(iw,)

Bl 2.4 2 12 5 BIRIRTEE o A BORMGEHP IE T R A
Figure 2.4 A flow chart of the DMFT self-consistent loop. The impurity solver plays the key
role in the loop.

H DMFT [ 5575 F24 (2.101), FRATTAT ARERE tH DMFT [y — it Sim e,
mE2.40777,

1. 25 E WA Wiess ¥ Golio,) YENHIN . A RIIHME AT LA H RE Z(io,)
2 A REL Alio,) 1E NI

2. AR ARG AT A ISR A TSR AR, 15 BN R PEIREREL Gipp(i0,) o

3. FIJi] Dyson JIF23EIHAE. Z(iw,) = Gj'(iw,) — Gy (i,)

4. 1 H RN ISR ks AR R BT A

Glio) =Y 1

= o, + - € — X(iw,)’

153 S8 RGN AR RS Gy (i,) o

5. YR A Dyson Ji2, Gil(iw,) = G| (io,) + (iw,) T1HEFFE1H Wiess
PREL Golim,) . VAAR R — B R E VA TRER. BT Wiess BREURE 758 B AE K
WCBIORS I . IRAREE] . MR EEEE 1 ket E

12,52 DMFT (7R 8, BRI s i — 4521 5 Weiss 84 (1
PAZR TSR, B2 SRR (R R T i) B3, Weiss 7/ PR P LR —
AERASIH, AP BT 5 Weiss S0RE A IT AL TALT225 . B didfs
AEI GRS, AERIFHAELE T A Dy (i0,) = Zmpio,), BN REM ST
FEEMREE T k. FE2 1M BN L T 2l Tsing AEi7) (1) SE-4413% 3R i 5+ 7-11 Hubbard
B 3h 128 it
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|0) M 1)

Electron reservoir

2.5 ZJ)- PR R, SRR BRI B A B I DO AR B AR o
?SLE[SS]O

Figure 2.5 The schematic diagram of DMFT. The impurity site can be in the empty state,
single occupied state, or double occupied state in the effective single impurity Anderson
model *%,

£ 21 @R RGPS S RT R ) A ELE R .
Table 2.1 Comparison between the mean-field theory of a classical system and the dynamical
mean-field theory of a quantum system.

P RS LIRS
H=-Y  tic,+UYX nmn, H=-Y%,JSS-hYS, A S
G, (io,) = —(c/(i®,)¢ (io,)) m = (S) SR
G iw,) = G™(iw) + (iw,) hegs Weiss 17
Gliw,) = ¥, [iw, + 1 — & — Ziw,)] ™ hee = X, Im, +h EYa% &

RS HIR TR b, A ORI BB A BOR RS, T 4 LR
R ZR ORI B G2 RIS AR 7SR R B T

f£ DMFT HEZL . PR 28 DOR MGGl 2 SRARZE € Weiss 37 FLR RO Y
JTHE, R A BUEERACEE. TSR R Y S

EICEATE AR LAE BT %, ReE RN AR IR TR 2
HIZAL R IEE R (R T 50 R 2 T3k

o JTREXSFIL
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3
.
~

] 2.6 ) FE X AR b A B B R 43 B S ) -2 TR A B ke R 101
Figure 2.6 With the use of symmetries, the Hamiltonian can be divided into different subspaces
and its matrix acquires a block diagonal structure!®",

FATRAR— DR, Af DOEROE —4 B 5e 8 5 (o), i -
[¢;) =11) ®@12) - |l = 1) ® [}, (2.102)

Horp 1D ZORE TR ERAS, X E RS, (1) = { 1),] 1)}, XTH
W HIBER TRIRGE, 1) = {10), | 1), 1 1)1 T Yo X T HEEHIHIL, AR5 |
TR S A, A2 1) = {lay). 1ay), -+ lag)} e EEXERERLZ)E, AL
RS e R RE , FEREICON -

H;; =(¢;|H|p;). (2.103)

A TR BAEUR . XA ERERRET TR AL E E; NI
LA wio MIAH R AP B ] LA F X L8R8 B MBI A AR T, HAnig e
YT EA LAA ] Lehnmann 2675 :

A@Jﬁ5%2@%%+f”mwmmwm%@—wflwx (2.104)

Hep, p=UT, Z =73, e "5 HELo

ATLAE R, M2 RIS M BB S5 N A 508 A, Lo T8
7 Hubbard FAUSEIE M = 4N o AR R AR — 280 BRiE . ko780 1m, g
BRI BRI 7250, R0 . SRR 12 A9 BB T X )
o WIER 0 RGEIYEASHE BT, FRATAT LA Lanczos 77 35 A0 B ot/ N A
AFEAIAAEZS 200 SRR aT LIRS AR

e Hirsch-Fye &
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Hirsch-Fye 3% %0V 2 5t 7525k B 7 ik —Fb, SRTTE /4310 DQMC Jy
TEFAR— 2L, AERTEC 43 R A A0 PR I R H R H-S A8 48k DY B0 RF TS ol AR
WG NHBIY Ising &30 ARIAGE, ££ DQMC BRSSO, A%
SR B S INB) . WX T Hirsch-Fye S5k UL, ARHRAGZ AL TR, Hif
BRI EIX R AL . Hirsch-Fye J73% Al LA AT ISR R 2758 —
FEFIRIG UL, IX B AFFEGOR

23.1 HESTBE

UG ERAHE DM R AT 2 B R U — A R R T . R E R
PRER, He e Em i S R RERRR T, AR XS e X R T R 4
FEf—Re i X RIAR MG 2] — D BRI MG BT, 2 )5 P4 B 81— 2 TERR
KSRGS Fo E2. TR RN & E . Hrpa o n 240 1
Aw) ZACEEL, HIGE T BIa RN SRR 28 1, 6,0 T IEAOR F
AL FX A FEIR B, B SEAb RS — A R O T 2R U S B e i i, %o
A B ARG E DA AIER, SRE AW T i KA /RO 1), 15
ST (0 e 2 b AR L ARE A ARAE A, T EX A R o A — 30 L R B R e eI
(9 M A2 TERRIFNEEMSEH T, R XS AR EAARAE A ) DORIS 2T
B PR

o WABFI LR

MR A BRI, MBI AT LAGMBE 3 S, AT iy B

E@%MJ\ Hbath %D%/E} H fj\ Himp—bath:

H = H;y, + Hyy + Hipp parns (2.105)
PLEAZ% 5T Anderson BRG], X =85 H1E

Hiwy = e, fafo +US 1] 11

Hyyn = Z E1Cp Cio - (2.106)

ko

T T
Hippban = Y Vielfa o + €1 f)-
ko
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a) § o b) o

B 2.7 Be BB AR hofs R OB R WS B — AP TEIREE B (a) BEERRZ TSR 6E
BXH. (b) HAMXHNRIEEEHGEDR. (o) W EToRRK I ERR 2%

5 441

Figure 2.7 (a) The frequency is discretized on a logarithmic grid. (b) A discretized Hamilto-
nian is obtained by performing integration on each of these intervals. (c) Mapping the
discretized model onto a semi-infinite chain',

ASSEIiNE ALNCIRYVI I PAY SRS S IS (e

Aw)=r ) Viso-g)=n / deV (k(e))*8(w — €)p(e)
X (2.107)

= 7V (0)*p(w).

FATAT AR i S TR G, TR S EIREREER T,
1 1
Hepr = Hipyp + Z/ deg(e)aiaaw + Z/ deh(e)(f;akc + aligft,). (2.108)
> J—1 > J—1

EAPRE T D=1,
AT PR WA R FH AR SR I A 2R 28 o 0TI B (2.105), 1
FH

S B R AT LASRASHAE P
SLf . f1= Sy + (o PZLMMENW%M<q> (2.109)

FATATEMEJE AR X 22 R HE K,

ZV(ek) A, (sk) / dEV(8)2 (e)A,, (5) (2.110)
-1
/\I:F[ b
1-Le -1 0 0
0 1-Le -1 0
A= Nk @2.111)
1 0 0 1-L£g
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XX TR (2.108), HAEHFN:

_ _ 1
SUT- 1= Simy + 53 X, Ton o / deh(e) A (g(e) 2.112)
S T 1 R s b T DA 3
1 1
/ 1 deh(e)* Apn(g(e)) = / 1 dg aZ—f)h@(g»ZA;,},(g), (2.113)

LHEP S ER RS, BIEOKR (2.109) A1 (2.112) 55, thati2 (2.110)
2.113) 3, H2f

1 1
/ dg a";(gg)h(e(g»zA;n%(g) = / 1 deV (e2p(e) A7\ (e), 2.114)

0€(g)
g

P
Hrb, e(w) 2 g(e) A, k@i gle(w)] = oo
o XEEHUL
TERE 23 [ ERT B itk . RIER

h(e(g))? = V(e)*p(e) = Aw), (2.115)

+A",n=0,1,2,..., (2.116)

xn
H A > 1, SEUHERBARN D28 MV AR RER XA 5 RN
d =A"(1-A", (2.117)

FEAF— A REIE XRIA & S IEAS e A d

1 .
eHOnPE X, < xE < X,

1//;—;,(5) = (2.118)

-
=) %’
=

A,
Hip, pH —o0 F 00 MEEH, o, =2x/d,. F—, KBFHHTINER a F£IX
EHE T RIT, Wi,

Geg= Y [anpaw,;,(e) + bnp(,w,;p(g)], (2.119)

np
D3 [ RS P 1 = Sy 7 S S VAESPUIR
1
Aupe = / dg[l//;;)(f)]*agg >
- (2.120)
bnpa = /1 de[ll/n_p(g)]*agg'
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EIEHATPRA R AT SR — 8, HALHuwi o ] AR AR RO A2,

+,n

1 i
/ deh(e)flag, = 11 Y [anw / deh(e)wr(e)
- np (2.121)

+ Bupe / deh@w e,

+,n X, —.n —Xpi1
/ de = / de / de = / de. (2.122)
X —X

n+1 n

X h(e) = h, fE—/NXHINAH

Hrr,

+.,n
/ dehyi(€) = \/d,hé, . (2.123)

Wi, WAy T p =0 K.
h(e) AR IR BB AR, B —A KR — a8,

he)=h®, x,., <+e<x, (2.124)
Horfr ) A Ze BRECLE M7 1 15X i 1A P SR
pt = L / 7 s delace, (2.125)
d, /2
BoRE, Ze b IR S K IR E R,

1
1 _
/ de h(e)fiapy = —=12 Y 7 auos + 73 buos) (2.126)
-1 T n

V7
HehyE =[5 de Ae).
PR ORAL ISR, AR

1
T T —
/1 de g(g)aeaaga = Z ( r—:anpaanpo + fn bnpobnpa)
np

(2.127)

+ Z (a:(p’p,)a;rzpaanp’a — a, (p, p,)b;pdbnp’a)
n.p#p’

XA AEER S TS p=p" Ul p#p'o Q2127 PRI —BUEX Y,

15> BRI RERE & AT LS

[T deAe)e
[ deA(e)

Hrp 5 BE HRRXT T Ale) AH BRI TR DURI4h

_ [lA—m +A‘1)], (2.128)

+
Sh >
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Mt gle) = e WIIHHL. A

1—A"D A" [Zni(p’ — p)]
— ——exp | ——|.
2xi p' —p 1-A-1

ar(p,p) = (2.129)

TESCPR AL, HEEE LT p# 09I, X @ — o fl. FATATLAFE] (2.129)
H, BN 1= AT HET, 7EA - 1B R TF#EIET 0,
W& p £ 0 IS, EIARICETTS a0, = a0 etc., 157,

H = H,,,+ Z (& ah5 s + & b by

+ ﬁ Z, 1 ;(rn Gy + Vo bug) (2.130)

+ % ; [;(yr—:_ano' + yﬂ_bnc)f"'] )

o RLTEIEICIR Y%
AT B H A2 i 21— IR e i A

g
H = Himp + \/;; [f(jCOG + cgafa]

0

T T T
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Figure 2.8 An illustration of the segment configuration. The two lines represent the imaginary
time axes of different spin directions (flavors). The red circles represent the annihilation
operators at different imaginary time while the blue circles represent to the creation op-

erators. The black solid lines donate the single occupied states and the orange shaded

areas represent the doubly occupied states'>%,
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Figure 2.9 A segment insertion update and removal update in the segment representation >,
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Figure 3.1 The behaviors of the hybridization correlation function L,(w) for different param-
eters V' and T'. The inserts are enlarged plots around w = 0.
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Figure 3.2 (a) (b) The different characteristic features of the hybridization correlation func-
tion L (o) in four different regimes. (c) The local density of states of f electron. The
parameters are 7' = 2.0, V' = 0.5 for regime I, T = 0.6, V' = 0.25 for regime II; T = 0.2,
V = 1.2 for regime III; and T = 0.05, V' = 2.0 for regime IV. (d) The intensity plots of the
fermionic spectral function at Fermi level in the Brillouin zone at different temperature
with V' = 1.0. (e) The corresponding dispersion for a given path in the Brillouin zone.
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Figure 3.3 (a) Comparison the local and nonlocal terms of the real part of hybridization corre-
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lation function Re L,(w) and it shows the onset of the nonlocal contribution in regime III
and development in regime IV. (b) Intensity plots of the normalized hybridization spec-
tral function, showing the development of the hybridization correlations at (rz, 7). The
parameters are the same as Fig 3.2.
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Figure 3.4 A tentative phase diagram obtained solely based on the behaviors of hybridiza-
tion correlation function L (w). The background color reflects the low-energy slope K
of ImL(w). The marks are the boundary estimated from its real part. The right panel
shows the non-moneotonic temperature dependence of the K at V' = 1.0.
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Figure 4.1 Kinks in the dispersion, E,, for the strongly correlated system. The intensity plot
represents the spectral function A(k, w) for Hubbard on the cubic lattice obtained by
DMEFT. The white circles indicate the effective dispersion. It follows the renormalized
band structure, E, = Z; E,(blue line) close the Fermi energy. For || > ", the disper-

sion has the same shape but with a different renormalization factor Z_,. »" is the kink

energy %%,

R (Apg) FIEEARER (Ag) SERCRMNSRIE V 2 RA R LT 6
R Dpg < V2, Ay & Vo ZUEERRE B WA B S, SRR BLE AT REX
Hubbard #5571 [ 47 FHLFL g 4 Ak — 6380 (1 0 st B2 8 7 R A 2R 27 i) ) — 26 35
FIVIEE R o 18I % Hubbard FORUNTFE B Anderson BRI L B Mott )7 5
Kondo 3L A Af GEA7 42— e DIk R P2, 76 Kondo g I ELIEIA A
PR Mott #2281 g4k ¥R 1) Mott 47 Kondo-Heisenberg
BRI R ) el K A BRI S h LTS A A B
YL TR R RREASTURAERL 10 XA RERR A B8 7R T b 7 AR A T
Z RV R & P B AR . WA REAR Y DX 43 sl 2 B TR (9 3l ) 2
SERFRAE TR B AR, 12 SR OCHR g R G I — D AR T I, $R A
TR ARG R X e TS RS A — A S R R RE 1

66



%5 4%  Mott 55 Kondo ks HIHEHY REARAT I

42 REFTTE

FATFE 5T Hubbard R F1 4 Anderson BERY, E AT THE H S0 9014
I
H = Hyg + Hy, 4.1

b, Hy =UZ, (mg = 3) (g - 3) WHERSS . U AR CAREIRASEE  n
SRl £ TR TR . WA L f PR R 77 Hubbard BRI,
5 NFEIR A SR BRI IRAE . Hy = Ty ekfrg fror HH F (fio) T f LT
FPA () B (EERIYE Anderson BIEIHh, £ HIF-5—MEISNG S
THE, He= Y4 ¢ o+ V(Tip finfio +hee), Hrbi ol (e) HFHHRTH
YK B,V ONAERIE . SR, TR T i Hubbard
BRI PRITREAS . e 3h 125 P43 73557310 g 3 R 1 ) NRG PS4 S 2 ok
fRas it Tt . fE NRG 1, f HIF1 H et

2(w) = U F(0)/G(w), 4.2)

T, 2T G(@) = (fig: fi ) F@) = ({fig(riz=112); £ ), 132 7 DMFT
AR 21331 34 Hubbard 578

_ Po(€)
6@ = [t (43)

XFF R4 Anderson 15

_ Po(€)
Glw) = / & ot in @) 44

HH po(e) = e~ (\/7t) K TEGF RS T RS TR VR G e TS 1 = 1
NRE R EAT

43 HWHEER
43.1 BEFREX

42 TR TS f B RESEE p(e) = -ImG(e)/z, HiE
Y SEH ReX(w) LLAAH I AYA} ReX (o) HIRSFREREUH SLHS ReG(w) 2K iE LA
REbR. AT Hubbard BAEYL, [ HTFAEEA— D =885, AiEEREXH
Pi/1~ Hubbard I DL K AE B K T B U A R 106 o X BORBERR Q Hi ReX' (@) AR

67



SR IRIR AR e A T BOS RE R BUERT TS

L — -ImG(w)m

Tl — -ImG(w)/n

=
|
|
1° 41
Wm 0.2,11

0 o : : : .
=" i 20N T — 17|
-- | §
[ |
|
|

|

T

l l

| |
T===7
60 Amd w*

F— Rey(@) -
F- - dRed(w)/dw 11

L |
al—Res@ T
|

42 RET f BHTIEERE (0(0) = ~ImG(@)/n)s HREIHS (ReX(w)) K HAE (ReX'(w))s
KRR BT (ReG () WIS HEERRIIJER . (a) Hubbard 5%, 2% U = 3. (b) A#
Pk Anderson #i%!, ¥ U = 5.6, V> =0.4. o* lHHABIE_EK kink L BHE, ©, H
ReG(w) BIRE RAE S i€, 1£ Hubbard #80Hr Q i ReX' (w) B KAAMGE - 72 ik
Anderson BRI, Al B ERIRERRAIE, Ay BIHGE T AN EI4.45E TS IE 2 o
B R 0 = 0 FHT BRI

Figure 4.2 Different energy scales are identified from the f electron density of states p(w) =
—ImG(w)/r, the real part of the f electron self-energy ReX(w) and its slope ReX’ (w), the
real part of the Green function, ReG(w). (a) HM with U = 3. (b) PAM with U = 5.6
and V? = 0.4. »* is defined from the kink in ReX(®), o,, is defined from the maximum of
ReG(w), and for the HM Q is from the maximum of ReX' (w). For the PAM, A, , is defined
from the gap in the density of states and A ;. is from the dispersion shown in Fig. 4.4. The
insets are the enlarged plots of w*, @, and A, ; around © = 0.
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Figure 4.3 The scaling relation between different energy scales and the renormalization factor
Z. (a) for the HM and (b) the PAM with different U. For the PAM, V2 = 0.4.
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Figure 4.4 The intensity plots of the resolved spectral functions for the HM (left panel) and the
PAM (right panel) with the lines locating different energy scales. The background colors
reflect the f electron spectral weight A, (w). For the HM, the blue dashed lines shows the
renormalized dispersion Z¢, and for the PAM it denotes ¢,.
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Figure 4.5 The imaginary part of the local spin susceptibility s shows a maximum at o, for
both HM and PAM. The parameters are the same as in Fig. 4.2. The inset shows the o,
as functions of Z for varying U with V> = 0.4 for the PAM.
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Figure 4.6 A tentative phase diagram of the HM and PAM in the energy-Z space and it shows
different regions of correlated electron spectral weights. When Z cross Z = 0 from the
Z > 0O side, the f electrons become completely localized so that the HM goes into a Mott
state and the PAM goes into an orbital-selective Mott state.
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Figure 5.1 The paramagnetic phase diagram obtained by DMFT for half-filled Hubbard model
on the Bethe lattice”.

TEEN 12 445 (DMFT) HE4LT A 245 S 0 Mott A2l — W AHAE . A
ARG (BB, 48%) Hk, Einfumns N REfEA RSB A3t
710 DX Jgg AT 121981 s 1 R T fE DMFT HEZE R 1521 (192478 I 7% Bethe &
# 1) Hubbard BRI AGAHIE T U,y Uy AN B AS SRASHIAS 2R

75



SR IRIR AR e A T BOS RE R BUERT TS

Mott HHAZR G FAH EAE 3RS U, i 5 s i BB T HERR . U (1), Uo(T) 2
[ ) DA RN <52 S AN 4 2% AR L A7 X

-+ Cr (Viox M),04 + Ti —»
a0 20 0.02 ) 0.02 0.04 0.06
T T T T l T T T T 1
I
g
H « o {ATM
INSULATOR ! METAL
300 i PRESSURE EXP.
“ 48 V03
g ] = © 0.038cCr
w : s o 0038 TL
@ I
E I
< 200 ! ]
o I
w I
a |
s \
w
= 1
1
1
|
100} ! 7
ANTIFERROMAGNETIC |
INSULATOR i
1
]
i
|
ol I 1 1 L L ! Il | om) a4

INCREASING PRES3SURE =4 kbar/DIVISION —=
ZERO PRESSURE POINT MOVES WITH TOP SCALE

[ 5.2 Cr i Ti 465500 V,0, ARG FEMAHBARLIE T 195 M 1.
Figure 5.2 The phase diagram of V,0, doped with Cr or Ti by changing temperature, pressure
and doping level ¥,

(a) (b) 500

p— & P -®-P,
- 450 —%— cross-over

' Mott \\§
| 1 4001 Insulator “\\%
»):.,J_ 4 o m\\\\\\_\\\\\:3fmg%$r}-elared

PR o000 2501
< Z 0 1000 2000 3000 4000 5000 6000
o P (bar)

(wows) o
T(K)

Kl 5.3 (a) V,_,Cr, 05 fEA [F)3i B BT, AN W2 b DA R 88 e i A2 rp il 2 A v S A
T = 290K, 348K 1] DA 2 W W W [l 35 [ 45 o (b) A2 IR - RS 25 R R AR, BASEHR4
PSR AL 2T S

Figure 5.3 (a) Conductivity measured in decreasing and increasing pressure sweeps at different
temperatures for V,_ Cr O;. The hysteresis cycle is shown for 7 = 290K and 7' = 348K.
(b) Phase diagram of V,_ Cr, O; as a function of pressure and temperature. The shaded
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Figure 5.5 The phase diagram of half-filled HM on the Bethe lattice in the paramagnetic phase.
U, is the critical U from the metallic side and U, from the insulating side. The black
solid circle marks the critical end point(CEP) and the shadow region indicates the coexist
of insulator and metal solutions. The insert shows a sketch picture of a DMFT procedure
which maps a lattice model into an impurity one and then it is solved self consistently.
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Figure 5.6 Map the CT-HYB configuration to the classical system. In the classic model, the
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sketch diagram of a diatomic model shows at the bottom.
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Figure 5.9 (a) Variations of V| for different parameters, showing a rapid change across the
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lines indicate the hysteresis region of the first-order transition. (b) The pair number, (k),
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